Candida albicans, a species of fungi, can thrive in diverse niches of its 1 mammalian hosts; it is a normal resident of the GI tract and mucosal surfaces but it 2 can also enter the bloodstream and colonize internal organs causing serious 3 disease. The ability of C. albicans to thrive in these different host environments has 4 been attributed, at least in part, to its ability to assume different morphological 5 forms. In this work, we examine one such morphological change known as white-6 opaque switching. White cells are the default state of C. albicans, and most animal 7 studies have been carried out exclusively with white cells. Here, we compared the 8 proliferation of white and opaque cells in two murine models of infection and also 9 monitored, using specially constructed strains, switching between the two states in 1 0 the host. We found that white cells outcompeted opaque cells in many niches; 1 1 however, we show for the first time that in some organs (specifically, the heart and 1 2 spleen), opaque cells competed favorably with white cells and, when injected on 1 3 their own, could colonize these organs. In environments where the introduced white 1 4 cells outcompeted the introduced opaque cells, we observed high rates of opaque-1 5 to-white switching. We did not observe white-to-opaque switching in any of the 1 6 niches we examined.
Introduction 1 8 mCherry. In this way, we were able to determine whether a given cell was injected 1 0 0 as a white or opaque cell and whether it remained as the same cell type or 1 0 1 underwent a switch to the other cell type. We validated this approach by plating 1 0 2 mixtures of white and opaque cells with known ratios; we were able to recover the Hence, this approach offers several advantages when compared with previous 1 0 5 studies: 1) it does not require the use of auxotrophies or drug resistance markers 1 0 6 that have been shown to affect C. albicans behavior in vivo (Bain et al., 2001 ; Lay 1 0 7 et al., 1998), 2) it does not require the use of strains that are artificially "locked" in 1 0 8 one cell-type or another, for example by deleting or overexpressing the master 1 0 9 regulator Wor1 (Huang et al., 2006; Pande et al., 2013; Zordan et al., 2006) , and 3) 1 1 0 it does not require any downstream processing, such as qPCR, which can introduce 1 1 1 errors through amplification. Finally, because white and opaque cells were injected 1 1 2 white cells; the remaining 30% had been initially injected as opaque cells but had 1 3 7 switched to white cells. The situation in the heart and spleen was different; here, signed rank test, Figure 2d , 2e Dataset 4). In the heart, virtually none of the cells 1 4 0 had switched in either direction; in the spleen, a small fraction of the white cells 1 4 1 recovered had been injected as opaque cells. Finally, in the liver and brain, both liver), we do not feel confident that this preference is biologically meaningful even and opaque cells in these organs as roughly equivalent. We do note that, of the 1 4 8 white cells recovered from the brain, a significant fraction had been initially injected 1 4 9 as opaque cells. 1 5 0
As described above, our observations document a significant level of 1 5 1 opaque-to-white switching that occurred in vivo. We do not know when, during the 1 5 2 course of the infection, this switching occurred; however, we suspect it happened injection with white cells, we injected the tail veins of four additional mice with a 1 7 0 50:50 mixture of opaque-mCherry and opaque-GFP inoculum (1.6*10 6 cells) and 1 7 1 measured colonization in the kidney, spleen, liver, brain, and heart ( Figure S3 Dataset 4), indicating that a large white cell population was not needed to "aid" the 1 7 4 opaque cells in colonization. Taken together, these results show that opaque cells are capable of 1 7 6 efficiently colonizing and proliferating in numerous niches in vivo, and in some 1 7 7 cases (heart and spleen) somewhat better than white cells. However, opaque cells 1 7 8 are severely outcompeted by white cells in the kidney, the organ that is typically 1 7 9 used to assess systemic fungal infection in murine models. In the previous experiments, we used a relatively large inocula of C. albicans 1 8 3 and sacrificed the mice after 24 hours. In the next set of experiments, we compared , 2010; Odds et al., 2000; Perez et al., 2013) . Seven mice were infected with 1 8 7 5*10 5 cells containing an approximately equal number of white-mCherry and 1 8 8 opaque-GFP cells. Mice were sacrificed upon signs of sickness (occurring between 1 8 9 7 and 14 days after injection) and fungal burden was assessed across the five 1 9 0 organs as described above (Figure 3a ). In this experiment, C. albicans cells were 1 9 1 recovered reproducibly only from the kidney; either the Candida cells were cleared 1 9 2 from the other organs or the inoculum was sufficiently low that Candida did not 1 9 3 efficiently disseminate to the other organs. We also attempted to measure white 1 9 4 and opaque cells in the bloodstream during this experiment but were unable to Consistent with the previous experiments, cells recovered from the kidney 1 9 9 were overwhelmingly white. In several mice, a significant portion of the white cells 2 0 0 isolated from the kidney had been initially injected as opaque cells indicating 2 0 1 significant opaque-to-white switching in vivo (0-58% of cells, depending on the 2 0 2 mouse, Figure 3b , 3c, Dataset 5). We also performed an experiment with an half of which were marked with mCherry (6.2 * 10 5 cells). Both populations were 2 0 1 1 recovered from the kidney, and most recovered cells had switched from opaque-to-2 0 6 white ( Figure S4 ). We did observe an unanticipated outcome of this experiment. Rather than an equal ratio of the two strains (as was present in the inoculum), the 2 0 8 majority of cells in each individual mouse expressed either GFP or mCherry. We 2 0 9 speculate that this observation reflects the stochastic nature of white-opaque 2 1 0 switching: there would be a strong bias towards colonization by whichever 2 1 1 fluorescent strain switched first. and mCherry-expressing white cells in the kidneys of three of four mice ( Figure S5 ). , 2013; Rosenbach et al., 2010) . Here, we introduced an inoculum comprised of 2 2 1 an equal ratio of white and opaque cells by oral gavage (5*10 7 cells total per 2 2 2 mouse, n=8 mice, Figure 4a ). Colonization was monitored by collecting fecal pellets 2 2 3 at various time points post-inoculation. We observed that nearly all the introduced 2 2 4 opaque cells had switched to white cells within 24 hours and remained white until 2 2 5 the mice were sacrificed after 17 days ( Figure 4b ). All cells injected as white cells 2 2 6 remained as white cells throughout the experiment; we did not observe any instance of white-to-opaque switching (>3500 colony-forming units observed). We 1 2 following tail-vein injection infections described above. Moreover, they are 2 3 0 consistent with results from the oropharyngeal candidiasis model, where introduced 2 3 1 opaque cells were either cleared from the oropharynx or switched rapidly to white opaque cells with fluorophores did not introduce any bias that affects strain 2 3 6 competition in the GI tract. The standard intestinal colonization model employed above involves a 4-day As expected, we found that significantly fewer C. albicans cells colonized the GI 2 4 4 tract when an intact microbiota was present (Figure 4d , ~100-1000 times fewer than 2 4 5 in the standard model described above and in Figure 4a ) and that the few cells that 2 4 6 did colonize the GI tract were almost exclusively white cells that had been injected 2 4 7 as white cells. We did not observe long-term survival of any cells that were 2 4 8 introduced as opaque cells. These results indicate that opaque cells are out- competed by white cells in the murine gut colonization model and that this trend is 2 5 0 more pronounced in the untreated mice than in the antibiotic-treated mice. , 2010; Soll, 2014 Soll, , 1992 Soll, , 2004 . We used variations on two murine switching between the two cell types in the host. sense, we treated white cells as a control to understand the fate of genetically 2 6 8 identical opaque cells. We also note that one of our observations with opaque cells, 2 6 9 namely that opaque cells are deficient in colonizing the kidney relative to white 2 7 0 cells, is consistent with a previous report (Kvaal et al., 1997) . To gain a better understanding of opaque cells in vivo, we examined four 2 7 2 organs in addition to the kidney. Because the standard animal models of C. cells), we also varied the dosage, timing and antibiotic treatments in these models 2 7 5 to increase the chances of observing opaque cell behavior in vivo. Finally, although 2 7 6 our Candida strains had been genetically altered to express different fluorescent 2 7 7 proteins, they represent normal switching strains rather than strains locked in one Finally, we observed evidence of wide-spread opaque-to-white switching in 2 9 8 both murine models. In the GI model, extensive opaque-to-white switching occurred 2 9 9 early (day 1) in the colonization process. In the systemic model, we recovered white 3 0 0 cells that had initially been injected as opaque cells from the kidney, liver, spleen, 3 0 1 brain and heart (Figure 2, Figure S3 ). Although we do not know exactly when these 3 0 2 cells switched, the results suggest that it generally occurred after opaque cells had Since its discovery in 1987 by Soll and colleagues, white-opaque switching 3 1 0 has been extensively studied by numerous laboratories. However, the selective 3 1 1 pressure that has preserved white-opaque switching across a clade of species (C. lacking dextrose that was supplemented with 2% Maltose for 6-24 hours at 30°C. Table 1 . (approximately 22°C) and examined for opaque sectors, which were then isolated 3 6 2 to make opaque glycerol stocks (MLY629/642). SD+AA+Uri overnight cultures (25°C) of GFP-tagged, mCherry-tagged, and shaken continuously between reads. This setup allowed cells to recover from the 3 7 1 dilution, enter log phase growth, and to eventually reach saturation. Three biological tested yielding a total of nine wells for each of the six strains tested. As a control, 3 7 5 uninoculated (blank) wells were also included. well. For the plots in Figure S1 , the natural log of the average background- subtracted absorbance for each set of three technical replicates is plotted. The To complete our analysis, we used Welch's t-test (unpaired and two tailed) to 3 8 9 compare the growth rates of the three opaque strains with each other and of the 3 9 0 three white strains with each other. These values are also included in Dataset 1, we A summary of mouse experiments is tabulated in Table 2 . After dissection, organs were harvested, flash frozen, and placed in a -80° C The colony forming units per organ are tabulated in Datasets 3-6. The raw 4 7 0
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data were normalized to the inoculum such that the inoculum was always 50:50 4 7 1 (this is why some of the numbers are not whole numbers). These normalized colony and potential fluorescence phenotypes for each strain are tabulated. In this case, 4 9 9
white cells expressing GFP and mCherry were co-injected into the tail-veins of 4 5 0 0
mice. Five organs, the kidney, liver, heart, spleen and brain, were processed to injected into the tail-veins of 8 mice. Five organs, the kidney, liver, heart, spleen 5 1 5 and brain, were processed to measure white and opaque cell colonization as well are tabulated. In this case, opaque cells expressing mCherry and opaque cells 5 8 0
expressing GFP were co-injected into the tail-veins of 4 mice. Five organs, the 5 8 1 kidney, liver, heart, spleen and brain, were processed to measure white and refers to cells that were white at the end of the experiment while the right side of 5 9 0 each horizontal bar graph refers to cells that were opaque at the end of the 5 9 1 experiment. (g) The mean percentage of total cells that remained opaque (i.e. horizontal bar graph refers to cells that were white at the end of the experiment 5 9 6
while the right side of the horizontal bar graph refers to cells that were opaque at 5 9 7
the end of the experiment. The raw data for this experiment is available in Dataset horizontal bar graph refers to cells that were opaque at the end of the experiment. refers to cells that were white at the end of the experiment while the right side of the 6 1 8
horizontal bar graph refers to cells that were opaque at the end of the experiment. The raw data for this experiment is available in Dataset 5. bar graph refers to cells that were white at the end of the experiment while the right 6 3 5 side of the horizontal bar graph refers to cells that were opaque at the end of the 6 3 6 experiment. The raw data for this experiment is available in Dataset 5. 
